Osteoclasts resorb bone by first attaching to the bone surface and then secreting protons into an isolated extracellular compartment formed at the cell-bone attachment site. This secretion of protons (local acidification) is required to solubilize bone hydroxyapatite crystals and for activity of bone collagendegrading acid proteases. However, the large quantity of protons required, 2 mol/mol of calcium, would result in an equal accumulation of cytosolic base equivalents. This alkaline load must be corrected to maintain cytosolic pH within physiologic limits. In this study, we have measured cytoplasmic pH with pH-sensitive fluorescent compounds, while varying the extracellular ionic composition of the medium, to determine the nature of the compensatory mechanism used by osteoclasts during bone resorption.
Introduction
The remodeling of the vertebrate skeleton is a precisely regulated process in which the needs of calcium homeostasis must be balanced against the site-specific requirements of mechanical support. To achieve such precise regulation, the principal bone-resorbing cell, the osteoclast, forms an extracellular compartment between itself and the bone surface that segregates resorptive activity from the surrounding milieu. This compartment consists of a region of highly folded plasma membrane (the ruffled membrane) surrounded by an actinrich clear zone that serves to bind the osteoclast to the bone surface (1, 2) . The interior of the resorptive compartment is actively acidified to pH -5 (3) (4) (5) , despite the fact that solubilization of bone mineral, calcium hydroxyapatite (Ca3(PO4)2-Ca(OH)2), consumes two moles of protons for each mol of Ca2+ produced. This acidic environment also favors the lytic activity of collagen-degrading acid proteases (6-1 1). The acidification of this compartment has been attributed to an electrogenic vacuolar FIF0-like proton pump located on the ruffled membrane (12) . By inference, the activity of this pump must be substantial because, 6 mol H+/mol hydroxyapatite are consumed in crystal solubilization at pH 5, and the peptides and amino acids released as a consequence of proteolytic degradation of bone matrix proteins will buffer the bone resorbing space.
Active proton secretion, by any cell, generates an equal load of cytoplasmic base equivalents, principally as HCO3 under physiological conditions. For example, in the renal tubule, an electrogenic pump transports protons into the tubular lumen (13) (14) (15) , and a chloride-bicarbonate exchanger in the basolateral membrane prevents intracellular alkalinization by exporting base equivalents as bicarbonate (16) (17) (18) (19) . The importance of this mechanism is underscored by the inability of renal tubular cells to secrete protons when anion exchange is blocked (17) . In this study, we document that the active osteoclast displays the exchange of intracellular bicarbonate for extracellular chloride. When this process is inhibited by reducing extracellular chloride, the osteoclast is unable to maintain its normal intracellular pH. Hence, the osteoclast, like the renal tubular cell, both secretes protons and compensates for cytoplasmic alkalinization by a Cl-/HCO3 exchange mechanism.
Methods

Materials
Chemicals were purchased from Sigma Chemical Co., St. Louis, MO, except as noted. referred to below as chips). The osteoclasts (-90-95% pure) were used for the experiments from the third to the sixth day of culture. Intracellular pH measurement. The intracellular pH was determined using the fluorometric technique described by Thomas et al. (22) . Using this method, the cells are exposed to a membrane-permeant ester of a pH-sensitive fluorophore. The pH probe in its esterified form diffuses into the cell, where esterases produce a hydrophilic, impermeant form of the fluorophore (see Fig. 1 ). The conditions used for loading the cells and the wavelengths for pH measurement are stated in Table I . 6-carboxyfluorescein (pKa -6) was used initially for intracellular pH measurements, which is an adequate method for detection of major shifts from pH 7 (-0.5 U). However, 2',7'-bis-(2-carboxyethyl)-5-carboxyfluorescein, tetraacetoxymethyl ester (BCECF)' was used in some determinations because it allows more accurate pH measurements in the studied range (6.5-7.4) with its pK. of -7. After incubation with either dye, the cells were washed three times with PBS to remove extracellular fluorophore. Leakage of the dye from osteoclasts was sufficiently slow (-I %/minute) to allow accurate pH measurements for 60 min.
The fluorescence was monitored using an Aminco SPF 500 ratio spectrofluorometer (Silver Springs, MD) equipped with a temperature-controlled water jacket set at 370C. For (25) . The curves obtained were similar to those derived by measuring fluorescence in solution, and to results reported in previous studies with other cells (22, 26, 27) .
Role of intracellular bicarbonate. The effect of bicarbonate efflux on intracellular pH was determined by incubating dye-loaded osteoclasts in Hepes-buffered saline with bicarbonate for 20 min at 37°C, and then transferring them into Hepes-buffered saline without bicarbonate while monitoring fluorescence ratios as indicated in Table I .
Role ofextracellular sodium. Sodium free medium was prepared by replacing Na+ isoosmotically with N-methyl-D-glucamine and titrating the pH to 7.4 with HCL. Washed osteoclasts loaded with dye were transferred to this medium, with or without 100 AM amiloride, after 228 preincubation in 140 mM NaCl and 10 mM Hepes (pH 7.4) to stabilize their intracellular pH. The effect of HCO-removal was tested by adding 25 mM bicarbonate to the NaCl/Hepes medium, monitoring cytoplasmic pH until a stable value was reached, and then transferring the cells to sodium-free medium without added bicarbonate. The cytoplasmic pH was then followed for an additional 20-30 min.
Measurement of cytoplasmic pH in chloride-free medium. Chloride-free medium was prepared by isotonically substituting Hepesbuffered sodium gluconate or sodium cyclamate for NaCl and adjusting the pH to 7.4 with NaOH. After equilibrating 6-carboxyfluorescein-loaded cells in NaCl/Hepes medium containing 25 mM NaHCO3, the cells were transferred to chloride-free medium without bicarbonate and the cytoplasmic pH monitored for 20-30 min. Chloride replacement by either gluconate or cyclamate gave identical results in these experiments. The dependence ofacidification on chloride concentration was determined by mixing appropriate volumes of the NaCI/Hepes and chloride-free media to achieve the indicated chloride concentrations. The effects of inhibitors of Ct-/HCO-exchange were tested by transferring osteoclasts preincubated in 25 mM HCO-to medium without added bicarbonate but containing 100 gM 4,4'-diisothiocyanatostilbene-2,2'-disulfonate (DIDS) or 100 MM diphenylamine-2-carboxylate (DIPH). 10 uM acetazolamide was used to assess the contribution of carbonic anhydrase to cytoplasmic alkalinization or acidification.
Results
Determination ofcytoplasmic pH in osteoclasts. Fluorescence microscopy of dye-loaded osteoclasts revealed uniform staining of the cells with no apparent concentration of dye in intracellular organelles (Fig. 1 ). In addition, dye-labeled osteoclasts retained their normal morphology and remained attached to bone (not shown). Such cells, transferred to Hepes-buffered saline (pH 7.4), achieved a cytoplasmic pH of 7.05-7.15 within 10-15 min ( Fig. 2 ) and, thereafter, exhibited a slow cytosolic acidification (0.2 pH U/h or less).
Effect ofbicarbonate on cytoplasmic pH. Transfer of 6-carboxyfluorescein-labeled osteoclasts into 25 mM bicarbonatebuffered saline, pH 7.4, resulted in a moderately rapid (< 5 min) alkalinization of the cytoplasm to pH 7.25-7.50 (Fig. 3) . In bicarbonate buffer, the intracellular pH remained stable for 15-20 min but fell rapidly (< 1 min) to 6.7-6.8 when the cells were returned to bicarbonate-free medium (a phenomenon not observed with comparably treated J774. 1 macrophages or human skin fibroblasts). This acidification was followed by a slow recovery ofthe cytosolic pH to 7.0-7.1 over 20 min in the same buffer. The recovery, but not the initial acidification was inhibited by 2.5 mM KCN and 5 mM deoxyglucose (Fig. 4) loaded cells are placed back in bicarbonate-free salt solution, they show rapid intracellular acidification to pH 6.75, followed by a slow recovery to pH 7.05 (*). These results are representative of -20 experiments done during these studies. When these experiments were used to calculate the SD, the resulting range was smaller than the symbols plotted on the graph and therefore is not shown in this case.
The cytoplasmic pH changes were simplified by the manner in which these experiments were done. We added sodium bicarbonate to our medium immediately before we used it in room air (nominal absence ofC02). This allowed us to observe the effect of bicarbonate movement on cytoplasmic pH without the complication of large fluxes ofCO2 in or out ofthe cell. Therefore an initial acidification (due to diffusion of CO2 into the cytoplasm) was not observed or was very transient when cells were placed into bicarbonate-containing medium (14) .
Effect of extracellular sodium on cytoplasmic pH. Fig. 5 shows that the fall in cytoplasmic pH initiated by bicarbonate removal was not affected when N-methyl-D-glucamine replaced sodium in the medium. Acidification was similarly unaffected when the sodium/proton exchange blocker amiloride (100 ,M) was added to the medium (not shown). In these experiments, osteoclasts were initially loaded with bicarbonate in the presence of sodium to limit the slow cytoplasmic acidification that occurs in Na-free solution. Acidification of this type is generally observed in cells that use Na+/H+ exchange to export metabolic acid from their cytoplasm (29) . In osteoclasts, the pH change associated with metabolic activity occurred slowly (-0.2 pH units/h) and, consequently, does not compromise measurements of the larger and more rapid pH changes initiated by bicarbonate removal.
Effect ofextracellular chloride on cytoplasmic pH. The preceding observations demonstrate that avian osteoclasts express an anion transport system capable of altering cytoplasmic pH.
To demonstrate that Cl-/HCO5 exchange is the major path- (Fig. 3) . Fig. 7 (triangles) shows that when bicarbonate-loaded cells were transferred to chloridefree medium without bicarbonate, cytoplasmic pH remained relatively stable, at 7.25-7.50 for 20-30 min. Furthermore, the rate and extent of acidification varied directly with medium Cl-concentration from 0 to 140 mM. Cytoplasmic acidification when bicarbonate was removed was 0.2 in 30 mM chloride and 0.4 in 70 mM chloride. The observation that 50 mM Cl-(as NH4CI) thus did not permit significant compensation, for the alkaline loading in Fig. 6 B is probably due to inefficient exchange at low chloride concentrations.
Effiect of inhibitors of anion translocation on bicarbonateinduced acidification. Both DIDS, an inhibitor of anion transport (20, 30) and DIPH, a chloride channel blocker and inhibitor of C1-/HCOj exchange (31, 32) , significantly reduced the acidification associated with the transfer of osteoclasts to bicarbonate-free medium (Fig. 8) Figure 7 . Chloride dependence of cytoplasmic acidification. Cells were loaded with bicarbonate as previously described and then transferred to bicarbonate-free medium containing the indicated isotonic replacement of sodium gluconate for chloride. Each point represents the average of 10 pH determinations. The SD was smaller than the point symbols and therefore is not plotted on this figure. pacity to undergo cytoplasmic acidification when bicarbonate was removed from the medium as described above (Fig. 9) . Discussion Bone resorption is necessary both for skeletal growth, remodeling, and in the regulation of ionized extracellular calcium levels (33) . It has recently been established that bone resorption is accomplished by acidification of the extracellular microenvironment formed at the osteoclast-bone interface (3-6).
To maintain an acid pH in the resorptive compartment during resorption, the osteoclast must continuously transport protons into that space. Solubilization of each mole of hydroxyapatite at pH -5 (4) consumes -6 mol of HI, and the buffering capacity of bone-derived collagen degradation fragments (12), may be substantial.
The presence of a pump capable of transferring protons to the resorption compartment (6) would impart an equal alkaline load on the cytoplasm of the osteoclast. Functionally, this is similar to the situation of the intercalated cell of the renal tubule, which secretes H' into the lumenal space using an ATP-dependent proton pump (16) (17) (18) . These cells dispose of alkaline equivalents along their basolateral surfaces using Cl-/ HCO-exchange and are thereby able to maintain their cytoplasmic pH at physiologic values (17-19). We postulated that osteoclasts use a similar mechanism for pH homeostasis. To explore this postulate, osteoclasts were loaded with pH-sensitive dyes, 6-carboxyfluorescein (22) or BCECF (26) and intracellular pH was monitored while electrolyte composition of the medium was systematically varied. These experiments showed that osteoclasts have a high capacity for C1-/HCO3 exchange and that this exchange mechanism plays an important role in the regulation of cytoplasmic pH during bone resorption. amide. The anion exchange inhibitor, DIDS, and the chloride channel blocker, DIPH, reduce the cytoplasmic acidification, whereas the carbonic anhydrase blocker, acetazolamide, had no effect on cytoplasmic acidification. The differences in the extent of cytoplasmic acidification by the controls is due to the use of cultures at different days after isolation (see Fig. 8 ). Our initial observations involved assessing pH change initiated by transferring osteoclasts into bicarbonate-containing medium. Exposure to bicarbonate resulted in a slight alkalinization of the cytoplasm (stabilizing at pH 7.25-7.4), whereas transfer back to bicarbonate-free media initiated a sharp drop in intracellular pH (0.6-0.8 U) (Fig. 3) . The alkalinization observed upon the addition of bicarbonate is consistent with Cl-movement out of the cells, against the existing chloride gradient, and the accumulation of HCO5 in the cytoplasm.
The much more rapid acidification that resulted when bicarbonate was removed from the medium occurred because, under these circumstances, both Cl-and HCO-gradients favored the efflux ofbicarbonate from the cell. This rapid acidification was not affected by the presence of inhibitors of ATP production (2-deoxyglucose and cyanide, Fig. 4) or the replacement of sodium in the medium by N-methyl-D-glucamine (Fig. 5) .
Although these observations indicate the presence of bicarbonate transport by the osteoclast, they do not indicate the mechanism of this transport or whether this process is important in the cytoplasmic pH homeostasis of active osteoclasts. To examine this aspect of our postulate, we exposed osteoclasts to medium containing reduced chloride and determined how this cell responded to both endogenous and exogenous alkaline loads. When active osteoclasts were placed in a chloride-free medium in the absence of added bicarbonate, there was a rise in cytoplasmic pH of 0.4-0.6 U (Fig. 6 A) . This change is consistent with the presence of endogenous alkaline loading of osteoclasts that are actively resorbing bone, which is corrected in a fashion requiring extracellular chloride. To better define this mechanism, osteoclasts were exposed to 50 mM NH4Cl to alkalinize their cytoplasm (in medium containing bicarbonate, with or without cyclamate substitution for chloride), and then transferred to the same medium but without ammonium chloride. When ammonium chloride was removed, osteoclasts incubated in medium containing chloride hyperacidify and recover but osteoclasts incubated in cyclamate (+50 mM Cl-) do not hyperacidify when NH4Cl is removed from the medium (Fig. 6 B) (Fig. 7) . These data also suggest that ammonium chloride induced hyperacidification (Fig. 6 B) exchange (14) . We used pharmacologic agents that block chloride transport to support our conclusion that osteoclast cytoplasmic acidification resulted from chloride-dependent bicarbonate transport. Fig. 8 shows inhibition of cytoplasmic acidification by an inhibitor of anion exchange, DIDS (30, 31) , and a chloride channel blocker, DIPH (32) . DIPH has recently been reported to inhibit Cl-/HCOj exchange in necturus gall bladder epithelium (33) . In contrast, neither the removal of extracellular sodium nor metabolic inhibitors affected cytoplasmic acidification upon transfer out of bicarbonate-containing medium (Figs. 4 and 5 ). These observations are consistent with a Na-independent chloride/bicarbonate exchange.
Acetazolamide, a potent inhibitor of carbonic anhydrase type II, had no effect on acidification due to Cl-/HCO3 exchange (Fig. 8) . The importance ofcarbonic anhydrase in bone resorption is uncertain, although osteoclasts definitely contain carbonic anhydrase type 11 (34) , and in one syndrome, carbonic anhydrase type II is absent from patients who also have osteopetrosis (35). However, there are no reports of osteopetrosis, skeletal abnormalities, or hypocalcemia due to acetazolamide therapy in glaucoma patients, who are routinely treated for long periods with doses of acetazolamide that effectively block this enzyme. Furthermore, attempts to block bone resorption by isolated osteoclasts using acetazolamide have been unsuccessful (unpublished observations), although by using very high doses (l0-4 M) of acetazolamide, effects on bone resorption have been shown (36) . It remains to be seen whether deficiency of carbonic anhydrase type II limits osteoclast function under some circumstances; our results thus indicate that it does not affect the acidification of the osteoclast's cytoplasm by Cl-/HCO-exchange. The functional polarization of the osteoclast by this acidic bone resorption compartment at the cell-bone interface, and our observation of active Cl-/HCO-exchange by these same cells, is reminiscent of the mechanism for acid secretion observed in renal epithelial cells (7) . We therefore propose that osteoclasts neutralize the alkaline equivalents produced during acidification of the bone resorbing compartment by Cl-/ HCO-exchange. Our observations indicate that the Cl-/ HCO exchange in osteoclasts is Na-independent and that it can be blocked by inhibitors of anion exchange and chloride channels. During active bone resorption, removal of bicarbonate from the osteoclast cytoplasm would balance the active secretion ofprotons into the bone-resorbing compartment and thus maintain a normal cytoplasmic pH. We have also observed that the Cl-/HCO--dependent acidification declines with time of osteoclasts in culture (Fig. 9) . This change correlates with the disappearance of the ultrastructural feature associated with the osteoclast's bone-degrading capacity, the ruffled membrane (unpublished data). The osteoclast's Cl-/ HCO-exchange thus may be regulated coincidentally with other components of the bone-resorbing apparatus.
